Background Hernia repair failure may occur due to suboptimal mesh fixation by mechanical constructs before mesh integration. Construct design and acute penetration angle may alter mesh-tissue fixation strength. We compared acute fixation strengths of absorbable fixation devices at various deployment angles, directions of loading, and construct orientations. Methods Porcine abdominal walls were sectioned. Constructs were deployed at 30°, 45°, 60°, and 90°angles to fix mesh to the tissue specimens. Lap-shear testing was performed in upward, downward, and lateral directions in relation to the abdominal wall cranial-caudal axis to evaluate fixation. Absorbatack TM (AT), SorbaFix TM (SF), and SecureStrap TM in vertical (SSV) and horizontal (SSH) orientations in relation to the abdominal wall cranialcaudal axis were tested. Ten tests were performed for each combination of device, angle, and loading direction. Failure types and strength data were recorded. ANOVA with Tukey-Kramer adjustments for multiple comparisons and v 2 tests were performed as appropriate (p \ 0.05 considered significant). Results At 30°, SSH and SSV had greater fixation strengths (12.95, 12.98 N, respectively) than SF (5.70 N; p = 0.0057, p = 0.0053, respectively). At 45°, mean fixation strength of SSH was significantly greater than SF (18.14, 11.40 N; p = 0.0002). No differences in strength were identified at 60°or 90°. No differences in strength were noted between SSV and SSH with different directions of loading. No differences were noted between SS and AT at any angle. Immediate failure was associated with SF (p \ 0.0001) and the 30°tacking angle (p \ 0.01). Conclusions Mesh-tissue fixation was stronger at acute deployment angles with SS compared to SF constructs. The 30°angle and the SF device were associated with increased immediate failures. Varying construct and loading direction did not generate statistically significant differences in the fixation strength of absorbable fixation devices in this study.
suboptimal deployment angle. Most tackers are designed to optimally place a fixation device when the tacker is held at a 90°angle relative to the mesh and abdominal wall. For operating surgeons, it is often difficult to deploy tacks at an optimal angle because of the curvature of the insufflated abdominal wall and working space limitations associated with laparoscopy.
Among absorbable fixation devices, a unique construct employing a ''strap'' design has been hypothesized to offer greater tissue penetration at suboptimal deployment angles when compared to absorbable screw fasteners [8] . This ''strap'' construct has two points of fixation, which may lead to stronger fixation at acute deployment angles. To date, however, there have been few studies of the fixation strength of absorbable fixation devices at acute deployment angles to substantiate these claims. A recent report by Sadava et al. examining various tacks at 30°and 90°firing angles showed a greater mean strength of fixation at 30°in an absorbable construct with a ''strap'' design compared to absorbable screw fasteners, though these differences did not reach statistical significance [9] . A ''strap'' construct also may perform differently depending on the orientation of the long axis of the construct in relation to the loads that are applied to the construct. Loads perpendicular to the long axis of the construct may be distributed more evenly to both fixation points while those applied parallel to the long axis of the construct may act on one fixation point more than the other. This potential difference may influence surgical decision-making when surgeons place these constructs at fixation points where the loading direction may be anticipated. To date, the effect of construct orientation on fixation strength has not been examined.
In this study we aimed to evaluate fixation strength of absorbable fixation devices at various tacking angles, construct orientations, and directions of loading. We hypothesized that absorbable constructs with a ''strap'' design will have significantly greater fixation strength than absorbable screw fasteners at acute tacking angles. We further hypothesized that ''strap'' constructs would have significantly greater fixation strengths when loaded perpendicular to their long axes compared to their fixation strength when loaded parallel to their long axes, whereas loading direction would have no significant impact on the fixation strength of absorbable screw fasteners due to their biaxial symmetry.
Materials & methods

Abdominal wall harvesting and preparation
Under an Institutional Animal Care and Use Committee (IACUC) approved protocol at Washington University in Saint Louis (protocol #2013-0004), 32 porcine abdominal walls were harvested from adult female domestic pigs weighing 80-100 lbs. The abdominal walls were prepared by removing the skin, the subcutaneous fat, and the cutaneous maximus muscle, and transported to the laboratory in 0.9 % saline solution at 4°C for immediate use (Fig. 1) . Abdominal walls were laid in anatomic orientation, and marked to identify the borders and the cranialcaudal axes of the specimens. The 3.5 9 5.0 cm specimens were then cut from the abdominal wall tissue. The linea alba and any tissue without complete peritoneal coverage was excluded. Each specimen was suspended using a clip secured to a mounting bracket attached to a metal backing plate on the lab bench. A 168 g weight was clipped to the lower edge of the specimen to simulate the surface tension of an abdominal wall insufflated to 12 mmHg [10] (Fig. 2) .
Fixation device deployment
Absorbable barrier-coated PROCEED TM surgical mesh (Ethicon Ò Inc.; Somerville, NJ) was cut into 1.5 9 3.0 cm pieces and hydrated in 0.9 % sterile saline for at least 15 min before use. Each 1.5 9 3.0 cm piece of mesh was tacked to the peritoneal surface in the center of each tissue specimen. Mesh fixation devices were oriented at 30°, 45°, 60°, or 90°in relation to tissue specimens using a metal bracket that held the shaft of each tacking device at the desired angle. A fixture for measuring preload force was applied to the tip of each deployment device to ensure that the fixation devices were applied with a preload force between 1.25 and 1.9 lbs (Fig. 2) . Higher preloads are associated with puckering of the tissue, and potential normalizing of an acute tacking angle to 90°. A 0.9525 cm thick piece of foam, (Limbs and Things Ò , LTD; Savannah, GA) was placed between the tissue and the metal backing plate to simulate a realistic tissue backing behind each specimen.
The absorbable fixation devices evaluated in this study (Fig. 3) TM was tested in both the vertical orientation in which the long axis of the construct was oriented parallel to the cranial-caudal axis of the abdominal wall (SSV), and in the horizontal orientation in which the long axis of the construct was oriented perpendicular to the cranial-caudal axis of the abdominal wall (SSH).
At the time of tacking, constructs were evaluated by inspection to assess how well the tacks deployed relative to the mesh surface. Constructs were described as ''flush'' (construct that was fully seated into the tissue), ''highseated'' (construct that was only partially seated into the tissue), ''unseated'' (construct that dislodged from the tissue immediately after application), or ''no penetration'' (no significant mesh or tissue penetration).
Mechanical testing
Fixation strength was assessed by lap-shear testing using an Instron Ò Series 5542 Materials Testing Machine (Instron Ò ; Norwood, MA). The free edge of the mesh tacked to each specimen was secured in one pneumatic grip of the machine set to a pressure of 60 psi, while the free edge of the abdominal wall tissue was similarly secured in the other pneumatic grip of the machine. The fixation interface was tested under tension at a constant rate of displacement of 0.42 mm/sec until failure (Fig. 4) . The maximum load sustained by the construct before failure was recorded as the fixation strength in units of Newtons (N). Failure types (tack failure, mesh failure, or tissue failure) were recorded, based on the component of the construct at which mechanical failure occurred. Constructs in which the tack became dislodged during manipulation before being secured in the machine, or immediately upon the initiation of lap-shear testing were recorded as immediate tack failures (0 N fixation strength). Testing was performed on each construct in three directions (upward and downward in parallel orientation to the cranial-caudal axis of the abdominal wall, and laterally in perpendicular orientation to the cranial-caudal axis of the abdominal wall).
Data analysis
A power analysis was performed for our primary outcome measure (mean fixation strength for each device at a given deployment angle). Based on preliminary investigations [10] and a recent report that did not detect differences between absorbable fixation devices when powered to detect 50 % differences in fixation strength [9] , we used a power of 0.80, an a of 0.05, and considered a difference of 25 % between group means to be significant, yielding a sample size of 30 per group. This level of power is achieved for each device at a given deployment angle by testing in three directions (upward, downward, and laterally) with ten testing repetitions performed in each direction, and pooling of the results. This pooling presupposes insignificant or no two-way statistical interaction between the deployment angle and the loading direction variables, or three way statistical interaction between the deployment Regions without peritoneal coverage or within 2 mm of the linea alba were excluded. The remainder of the abdominal walls was sectioned into 3.5 9 5 cm myofascial specimens with associated peritoneum, and used for tacking Fig. 2 Mesh fixation apparatus. Mesh fixation devices were oriented at specific angles to the tissue using a bracket that fixed the shaft at the desired angle. (A) The abdominal wall specimen was fixed superiorly to a clip attached to the metal backing plate (B), and inferiorly to a 168 g weight providing tension equal to an insufflated abdominal wall. (C) The tip of the mechanical fixation device was attached to a preload force measuring device to ensure that constructs were applied with a preload force between 1.25 and 1.90 lbs (D) angle, the loading direction, and the device variables. Based on this power analysis, a total of 480 tests were performed (ten tests per combination of device, deployment angle, and loading direction).
To perform pairwise comparative analyses between mean fixation strengths, independent-sample Student's t tests were performed following significant analysis of variance results. We applied Tukey-Kramer adjustments to all pairwise comparisons to correct for multiple comparisons. A p value of 0.05 was considered the threshold of statistical significance for each comparison. To evaluate failure types, we performed v 2 analyses of failure type by device, deployment angle, and loading direction. As a failure type with particular clinical relevance, we separately evaluated immediate device failures by performing v 2 analysis on the occurrence of immediate failure by device, deployment angle, and loading direction. For each v 2 analysis, we considered a p value of 0.05 to be the threshold of statistical significance.
To evaluate construct deployment data, we considered deployment categories of ''flush'' and ''suboptimal'' (any deployment other than flush as determined by inspection). v 2 analysis of deployment was performed by device, deployment angle, and loading direction. For each v 2 analysis, we considered a p value of 0.05 to be the threshold of statistical significance.
All analyses were performed with the SAS statistical package, version 9.3 for the Windows platform (SAS Institute Inc., Cary, NC).
Results
Comparison of absorbable fixation devices at various deployment angles
At a 30°deployment angle (Fig. 5) , the SS device in both vertical (SSV) and horizontal (SSH) orientations had significantly greater fixation strengths (12.95 N and 12. 98 N, respectively) compared to the SF device (5.70 N; p = 0.0057, and 0.0053, respectively). At a 45°tacking angle, the mean fixation strength of SSH (18.14 N) was significantly greater than the mean fixation strength of SF (11.40 N; p = 0.0002). At tacking angles of 60°and 90°, there were no statistically significant differences in fixation strength detected in any pairwise comparisons between devices. We also performed comparisons of each device to itself at the four deployment angles (comparisons not shown). SF at 30°(5.70 N) had significantly lower fixation strength compared to SF at 60°(13.10 N; p = 0.004) and 90°(14.60 N; p \ 0.0001). Comparisons within the AT, SSV, and SSH groups at each of the four deployment angles did not demonstrate any other statistically significant differences.
Comparison of absorbable fixation devices in various loading directions
When tested in the upward direction and loaded parallel to the cranial-caudal axis of the abdominal wall (Fig. 6 ), SSH had a significantly greater fixation strength (17. Analysis of fixation device deployment characteristics v 2 analysis of deployment data by device (Table 3) demonstrated a statistically significant deviation from expected values of suboptimal deployments (high seated, unseated, and no penetration deployments) (p \ 0.0001). The SF device demonstrated more suboptimal deployments than would be under the null hypothesis of no difference (44 observed, 24 expected). All other devices had fewer suboptimal deployments than would be expected. v 2 analysis of deployment data by deployment angle (Table 3) demonstrated a statistically significant deviation from expected values of suboptimal deployments (p \ 0.0001). The 30°d eployment angle demonstrated a statistically significant greater frequency of suboptimal deployments than would be expected based on a v 2 distribution (54 observed, 24 expected). Each of the other deployment angles had fewer suboptimal deployments than would be expected. v 2 analysis of deployment data by loading direction (Table 3) did not reveal any statistically significant deviations from expected values of suboptimal deployments (p = 0.766).
Discussion
In recent years, absorbable fixation devices have become more widely adopted by surgeons for use in laparoscopic abdominal hernia repair. These devices have the potential to decrease postoperative pain compared to nonabsorbable fixation devices and sutures while producing a comparable recurrence rate, though significant controversy over this point persists [11] [12] [13] [14] . Absorbable devices were designed to minimize the development of intra-abdominal adhesions, and the erosion of tacks through the abdominal wall or into visceral structures [15] [16] [17] . Mechanical fixation devices can be deployed quickly and easily, reducing operative time [5] . Absorbable fixation constructs can also be used in conjunction with absorbable mesh prostheses in clinical situations where permanent implants should be avoided. A variety of absorbable fixation devices with possible mechanical advantages have been introduced recently, including ''strap'' constructs [5] .
While absorbable mesh fixation options for clinical use have proliferated, there is a paucity of pre-clinical data examining the fixation strengths of these absorbable constructs deployed at acute angles. Our group recently examined the fixation strength of fibrin sealant, transabdominal sutures, permanent metallic tacks, and absorbable devices applied at a 90°to the abdominal wall [18] . We found that transabdominal polypropylene sutures demonstrated greater fixation strengths compared to all other fixation devices tested, but we did not detect statistically significant differences between the metallic and absorbable tack groups. More recently, Sadava et al. published the first comparison of fixation devices at different deployment angles [9] . They reported statistically significant greater fixation strengths for a titanium helical tack compared to all absorbable constructs at both 30°and 90°tacking angles, but were also unable to detect statistically significant differences between the types of absorbable fixation devices. In this study, we attempted to perform an appropriately powered analysis of absorbable fixation devices at various orientations, deployment angles, and directions of loading.
The data from this study demonstrate that at the most acute tacking angle (30°), the ''strap'' construct in both vertical and horizontal orientations displays greater fixation strength compared to the hollow spiral screw fastener. The ''strap'' construct in the horizontal orientation demonstrated greater fixation strength compared to the hollow screw fastener at the 45°deployment angle, while at the 60°and 90°deployment angles, no statistically significant differences are detected. These findings suggest that the ''strap'' construct design achieves greater fixation strength compared to the hollow screw fastener at deployment angles less than or equal to 45°. The strap construct did not have higher fixation strengths in either the vertical or horizontal orientation compared to the tapered solid spiral screw fastener at any tacking angle. These fixation strength data are supported by our analyses of the device failure and device deployment data, which demonstrate that both the hollow spiral screw fastener and the 30°deployment angle were associated with significantly higher occurrences of immediate tack failure. In addition, the hollow spiral screw fastener and the 30°deployment angle were associated with a greater frequency of suboptimal deployments than would be expected by chance. In comparison, the tapered solid spiral screw fastener performed as expected at suboptimal angles and did not demonstrate a statistically significant difference in the rate of immediate tack failures compared to the hollow spiral screw fastener (data not shown). This may be due to the fact that these solid spiral screw fasteners are tapered, whereas the hollow spiral screw fasteners are blunt leading to poorer tissue purchase for the blunt-tip hollow spiral screw fasteners at acute deployment angles. It is known that poor mesh fixation and mesh detachment can contribute to subsequent hernia recurrence, and this finding may therefore be of particular clinical relevance [7] .
The fixation strengths of each device were evaluated at different directions of loading. The ''strap'' construct demonstrated greater fixation strength compared to the hollow spiral screw fastener when loading was applied perpendicular to the long axis of the ''strap'' construct. There were no statistically significant differences detected between the vertical and horizontal orientations of the ''strap'' construct when loading in any of the three tested directions was applied. These data suggests that the ''strap'' construct may be subjected to loading in the upward, downward, or lateral directions when deployed in either the vertical or the horizontal orientation without significant change in fixation strength. This study is limited by several factors. We elected to examine absorbable fixation devices and therefore did not test permanent tacks, transabdominal sutures, sealants, or any other fixation options for direct comparison. While it is known that permanent metallic tacks and transabdominal sutures tend to have greater fixation strengths compared to some absorbable fixation devices at acute deployment angles, little is known about the performance of fibrin sealants under suboptimal fixation conditions. In addition, we did not randomize abdominal wall segments based on their location on the abdominal wall for use in our study. There is a theoretical possibility that different regions of the porcine abdominal wall, or the abdominal walls of individual pigs, may exhibit different properties with regard to intrinsic tissue strength and tack purchase, and this may have interacted significantly with other variables in our experimental model. Furthermore, while the normal intra-abdominal pressure has been detailed [19] , the threshold fixation strength needed for a fixation device to perform adequately in the clinical setting is unknown; therefore, conclusions of clinical relevance cannot be drawn from these and other ex vivo fixation strength data. A recent publication by Reynvoet et al. examining the fixation strengths of tacks in a porcine model suggested that the significant differences in fixation strength noted between the titanium spiral tack and the hollow spiral screw fastener at 2 weeks following implantation were largely mitigated at 6 months following implantation [17] . Future in vivo studies using animal hernia models are needed to examine the performance over time of various absorbable fixation devices deployed at different angles.
Conclusion
An absorbable ''strap'' device provides greater mesh-tissue fixation strength at acute deployment angles compared to an absorbable blunt-tip hollow screw fastener device. The 30°deployment angle and the blunt-tip hollow screw fastener device were also associated with increased occurrence of immediate tack failure. These findings suggest that among absorbable fixation devices, the ''strap'' construct may provide an advantage in producing stronger meshtissue fixation compared to the blunt-tip hollow screw fastener. Construct orientation and loading direction did not appear to play significant roles in the fixation properties of the absorbable fixation devices evaluated. In vivo studies are required to examine the long-term fixation properties of absorbable fixation devices, and human studies are needed to correlate these findings to clinical outcomes.
